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INTRODUCTION 
Several adenosine triphosphate phosphohydrolyases 
(ATPases) have been shorn to he directly involved in the 
transport of inorganic ions in animal and bacterial cells. 
The best characterized of the ATPases involved in transport 
is undoubtedly the (Nà^  + K^ )-ATPase in the plasma membrane 
of AYii riffii cells (1, 2). Other ATPases which function in 
the transport of ions across membranes include the (E^ )-
pi 
ATPase in bacterial cell plasma membranes (3), a (Ca )-
ATPase in the sarcoplasmic reticulum of muscle cells 
and the proton translocating ATPase of mitochondria and 
chloroplasts (5-8). 
Direct evidence that the mnl mal (Na"^  + K^ )-ATPase of 
2+ the plasma membrane (9, 10) and the (Ca )-ATPase of sacro-
plasmic reticulum (11) are responsible for the ATP driven 
cation transport came after the enzymes had been purified 
and incorporated into artificial lipid membranes and were 
shown to carry out the transport process. Similar proof 
that plant ATPases are responsible for ion transport is 
lacking. However, plant cells do contain many ATPases as­
sociated with membrane fractions (12, 13). Of particular 
interest are the monovalent cation-stimulated ATPases as­
sociated with the plasma membranes of plant roots (1^ +, 15). 
Because the mechanism of cation transport in plants may be 
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similar to that in animals, several attempts have been made 
to demonstrate the relationship between the monovalent cation 
stimulated ATPases and monovalent cation transport in roots 
(16-20). 
This study reports on the purification and characteri­
zation of a monovalent cation-stimulated ATPase from the 
plasma membrane-rich microsomal fraction of Zea mays roots. 
This work opens the way for attempts to reconstitute ion 
transport in lipid vesicles using purified ATPase, providing 
a direct test of the role of the cation-stimulated ATPase 
in ion transport in plants. 
Ion Absorption in Plants 
The aerial parts of plants carry out the conversion of 
light energy into chemical energy necessary for the growth 
and development of the plant. Sone of this chemical energy 
is utilized by the roots for procurement of essential inor­
ganic ions. The mechanism of nutrient absorption by the 
roots is an area of extensive research in the plant sciences. 
Because potassium is the only essential monovalent ca­
tion for all higher plants (21), it has received the most 
attention with respect to cation absorption studies in 
plants. The concentration of potassium in the soil water 
varies considerably with the type of soil but a common es­
timate is 1.0 mM (22). Internal concentrations of potassium 
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in corn roots are between 50 and 100 inM (22). This con­
centration ratio, i.e., (concentration inside)/( concentra­
tion outside), of ^ 0 to 100 suggests that energy has been 
expended in concentrating potassium in the cell. 
Several different definitions have been put forth for 
active transport. In the following discussion I will make 
a distinction between active transport and energy dependent 
transport. 
The term energy dependent transport has been defined 
as transport that depends directly or indirectly on metab­
olism (16) and generally results in concentration ratios 
greater than 1. The limited definition of active transport 
as the movement of an ion against its electrochemical po­
tential gradient will be used here (16). The electrochemical 
potential gradient is composed of two factors, the concen­
tration gradient and the potential difference (PD) across 
the cell membrane. In corn, the interior of the cell is 
negative by 96 + 20 mV relative to an external solution of 
1.0 mM KCl (23). Therefore one might expect anions would 
need to be actively transported and most cations would enter 
the cell passively. 
The Nemst equation provides a mathematical expression 
for the electrochemical potential of an ion: 
 ^= RT/zj F In aj/aj 
h 
where AE is the electrical potential difference, R is the 
gas constant, T is the absolute temperature, z. is the 
valence of the ion, F is the Faraday, and a? and a^  are i J 
the activities of the ion outside and inside respectively. 
This equation indicates the equilibrium relationship be­
tween an electrical potential difference across a membrane 
and the concentration ratio. In the case for corn roots 
where we have a AE of approximately -100 mV, the equilibrium 
concentration ratio is calculated to be 50 at 20°C. From 
these calculations it would appear that the potassium ion 
in corn roots is close to chemical equilibrium. Other cal­
culations have found that vAien corn roots are in low salt 
solutions (0.1 mM KCl), calculations using the Nernst equa­
tion imply there is active transport of potassium, however 
\^ en the roots are bathed in salt solutions containing 1 
mM KCl or more, the potassium ion is near equilibrium (16). 
Another method idiich has been used to study driving 
forces on ions is the flux-ratio, or Ussing-Teorell equa­
tion (16, 2^ ). The flux-ratio equation for passive ion 
transport is 
d = 
J° c^  exp(z^ .FE/RT) 
J J 
where and J° are influx and efflux respectively, c9 and 
J 
Cj are concentrations outside and inside for the ion j, and 
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the remaining terms are the same as those in the Nernst 
equation. By measuring the concentrations and E one can 
calculate the ratio of influx to efflux for an ion. Ex­
perimentally determining the ratio of influx and efflux for 
an actual ion one then compares this value with the cal­
culated. If they are not equal this implies active transport 
is taking place. However, in light of the difficulties in­
volved in obtaining the necessary data to make the flux ratio 
test (16), very few careful analyses have been performed. 
Those that have, show results similar to the results from 
the Nernst equation. Chloride and other anions are under-
goir* active transport into the cytoplasm, while cations, 
with the possible exception of potassium, enter the cell by 
going down the electrochemical gradient. Since the electro­
chemical gradient is set up by the potential difference 
across the plasma membrane, the driving force for the energy 
dependent transport of cations is the electrical potential 
difference across biological membranes (16, 25, 26). 
The menfcrane potential is believed to consist of at 
least two components. The first is the Lonnan potential 
resulting from internal anions impermeable to the membrane 
and secondly there is a separation of charge believed to be 
caused by electrogenic ion pumps (27). The electrogenic 
pumps function by pumping cations (probably H^ ) out and/or 
anions into the cell (2$, 26). In this way the electrogenic 
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pun^ s generate a membrane potential with the inside of the 
cell negative. With the inside of the cell negative the 
cations can be concentrated without the expenditure of ad­
ditional energy. In the case previously mentioned for 
a concentration ratio of 50 could be reached by maintenance 
of the observed membrane potential. 
The concentration of cations and anions by the plant 
roots appears to take place by two separate processes. 
First, anions are probably actively pumped into the cell. 
Secondly, cations appear to enter the root by following 
their electrochemical potential gradient. This electro­
chemical gradient is coiQ)osed of a Donnan potential and a 
separation of charge probably due to electrogenic pun^ s. 
It is important to note that the electrogenic pump, whether 
it pumps out or anions into the cell, is to be considered 
as participating in active transport. 
Relationships Between Ion Absorption 
and ATPases in Plant Cells 
It is generally agreed that the rate limiting step of 
ion absorption resides in the movement of the ion across the 
cell membranes. As in the case with animal cells, the 
process of active and energy dependent transport of ions 
into and out of plant cells is probably a function of the 
plasma membrane and plasma membrane ATPases may be directly 
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Involved in ion absorption. At present there is only cir­
cumstantial evidence for a relationship between cation uptake 
and cation stimulated ATPases in plant roots. 
First, several distinguishable membrane bound ATPases 
have been found associated with extracts of plant roots (13, 
14, 15) • Membrane fractions enriched in several of these 
ATPases have been purified by sucrose density gradient cen-
trifugation. Fractions containing more than 1% plasma mem­
brane have been obtained from oat (15) and corn roots (28). 
The most thoroughly studied of the ATPase activities asso­
ciated with the plasma membrane fractions has been a mono­
valent cation-stimulated ATPase (28, 29, 30). 
Unlike the animal (Na^  + K^ )-ATPase, the monovalent 
cation-stimulated ATPase in com, oats, and barley is not 
stimulated synergistically by Na^  and and the enzyme is 
not affected by ouabain (l4). An interesting aspect of the 
plant ATPase is the fact that it is stimulated by both in­
organic and organic monovalent cations (30). For example, 
the monovalent cation ATPase from oat roots is stimulated 
by tris, choline, and tetrarnethylainmonlum about 40^  as much 
as by K*". Potassium is the most effective of the cations 
tested. 
It appears that lâien one assays the ATPases associated 
with membranes in plants, the assay pH is important in dis­
tinguishing various activities. Evidence is presented -vdiich 
8 
would indicate that ATPase assays of microsomal material at 
low pH, about 6-7, measure a monovalent cation-stimulated 
ATPase and assays at pH 7.5-8.5" measure an anion-stimulated 
ATPase (29). The anion-stimulated ATPase has been tenta­
tively identified as being associated with the tonoplast 
membrane (29 and references therein). 
In studies using corn roots, a plasma membrane-rich 
microsomal fraction isolated by sucrose density gradient 
centrifugation has been shown to be rich in activities of 
a monovalent cation-stimulated ATPase (K^ -ATPase) (20, 28). 
Other workers have stated that substantial amounts of the 
cation-activated ATPase are not associated with the plasma 
membranes isolated using a Ficoll gradient (18, 31)» How­
ever, this was probably due to the differences in the method 
of isolation of plasma membranes and indeed Ficoll appears 
to have adverse effects on the isolation of plasma mem­
branes (28). The close association of the cation-stimulated 
ATPase with plasma membranes has also been found for oat and 
barley roots (15). 
Earlier studies have shown a positive correlation be­
tween the KCl or RbCl stimulated ATPase activity of membrane 
preparations from oats, wheat, barley, and maize roots and 
the rate of absorption of or Rb^  by these roots (32). 
Although the experimental conditions employed in these ex­
periments have been criticized, the observations of a cor-
9 
relation "between rate of cation uptake and cation ATPase 
activity in these tissues is probably valid (17). 
Washing of maize roots in a CaCl2 solution for 3 hours 
resulted in increased absorption rates and an increase 
in ATPase activity (19) • The 300^  increase in absorption 
and 255? increase in ATPase activity were prevented by low 
temperatures, cycloheximide, and 6-methylpurine. The large 
discrepancies between the increase in ion uptake and in­
crease in ATPase activity do not allow for a direct rela­
tionship between the two, but it would appear from this work 
that there may be some involvement of the ATPase s in ion 
transport. 
Additional evidence for the cation ATPase activity 
being involved in ion transport is the fact that for oat 
roots the relative rates of ion uptake and effectiveness in 
stimulating ATPase activity are the same, namely 
K'^ >Rb"^ >Na'^ >Cs"^ >Li"^  (17). 
According to most sources the best evidence for a 
functional correlation between ion uptake and the monovalent 
cation ATPase activity is the kinetic similarity of the two 
processes. When the rate of ion uptake and the K^ -stimulated 
ATPase activity are plotted versus the KCl concentration, the 
two sets of data are nearly parallel and appear to follow 
Michaelis-Menten kinetics in the concentration range up to 
about 0.2 mM KCl (30). At concentrations above 0.2 eM up 
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through ?0 inM KCl, there is a further stimulation of uptake 
and rate of -stimulated ATP hydrolysis which appears to 
follow an additional Michaelis-Menten curve or perhaps a 
series of such curves. This biphasic curve for the rate of 
uptake has been found for many of the cations and anions 
taken up by plants (33)« 
The resemblance between rate of uptake and ATPase ac­
tivity is consistent with the notion that the ATPases are 
involved in active salt uptake, but it should be pointed 
out that kinetic studies of this type may be misleading. 
Other parameters "vrtiich also show similar biphasic relation­
ships with varying KCl concentrations include the cell 
electrical potential difference (3^ ) and flux across an 
artificial phospholipid bilayer membrane mediated by an 
ionophore (3?)• Because these parameters also follow 
biphasic curves, it has been argued that influx isotherms 
do not provide a basis for distinguishing or identifying 
active or passive transport mechanisms (36). It appears 
that kinetic studies of ion absorption have not allowed us 
to find a mechanistic solution to ion uptake in plants. 
These kinetic studies have shown an interesting similarity 
between rate of ion uptake and activity of the plasma mem­
brane monovalent cation stimulated ATPase as a function of 
KCl concentrations. 
From the discussion above it could be concluded that 
11 
the role of ATPases in ion absorption in plants is tentative 
at best. Most of the evidence for ATPase involvement in ion 
transport in roots has involved the use of microsomal frac­
tions enriched in plasma membranes. These membranes are not 
homogenous and at least five ATPases have been found asso­
ciated with the crude preparations (37). If only one of the 
ATPases was associated with transport its effect would be 
masked by the other ATPases which contaminate the prepara­
tions. The different types of ATPases have presented prob­
lems in attempts to show a relationship between ATPase activ 
ity and ion transport. 
Another reason why a good link between ion uptake and 
ATPase activity has not been found in plants is because of 
the lack of a useful specific inhibitor of ion uptake and 
ATPase activity such as ouabain in the animal systems (38). 
Several inhibitors have possibilities in serving in this 
capacity but further testing will be required (17 and 
references therein). 
Because the evidence for active uptake of cations is 
inconclusive, perhaps specific cation transporting ATPases 
do not occur in plants. Indeed some workers have concluded 
that the ATPases from roots of some of the grasses are not 
specifically stimulated by cations and are not related to 
the ability of roots to take up ions (39) * Recently it has 
been shown that the specificity of passive ion transport 
12 
into plasma membrane vesicles of oat roots was remarkably 
similar to that reported for the plasma membrane in situ 
(40). If there is a direct relationship between ion ab­
sorption by the plant roots and ion stimulated ATPase ac­
tivity it awaits more conclusive experimental work. 
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MATERIALS AND METHODS 
Materials 
Sephadex G-lOO Superfine and Sepharose were obtained 
from Pharmacia Fine Chemicals. Dithiothreitol, Nhf-Cl, 
n-octylamine, 1,4-butanediol diglycidyl ether, and acryla-
mide, electrophoresis grade, were obtained from Aldrich 
Chemical Company. Carrier Ampholyte, pH 3.^  to 10, was ob­
tained from LKB Instruments, Incorporated. -methylene-
bisacrylamide and 2-methyl-2-thiopseudourea sulfate were 
purchased from Eastman Kodak Company. Coomassie Brilliant 
Blue R, Coomassie Brilliant Blue G, DEAE cellulose, gramici­
din D, quercetin, ribonuclease A, lysozyme, pepsin, myoglobin, 
a-chymotrypsinogen A, ovalbumin, and the various nucleotides 
were obtained from Sigma Chemical Company. Triton X-100 and 
Aquacide II-A were purchased from Calbiochem. Butylamine, 
hexylamine, and cellulose dialysis tubing were obtained from 
Fisher Scientific Company. The a +§-glycerophosphate (25^ a, 
was obtained from California Corp. for Biochemical 
Research. Bovine serum albumin was obtained from Pentex Inc. 
The hydrophobic chromatography kits, P^ y-methyleneadenosine 
'^-triphosphate, and a,p-methyleneadenosine -triphosphate 
were purchased from Miles Laboratories Inc. P^ ,P^ -di(adeno-
sin-5*-)pentaphosphate was purchased from Boehringer Mannheim. 
The original ATP-affinity chromatography medium was obtained 
1^  
from P. L. Biochemicals, Inc. Y-[^ P]ATP was a generous 
gift of Dr. James Thomas, Iowa State University. All other chemi­
cals were reagent grade. Corn seed (Zea mays L., var. W6^ A) 
with N cytoplasm was obtained from Clyde Black and Son Seed 
Farms, Ames, Iowa. 
Methods 
•R1 nnhPTTiT cal preparations 
Preparation of ATP-Sepharose The ATP-Sepharose gel 
was prepared by the method of Barker et al. (^ -1). The amount 
of ATP bound to the gel was determined by measuring the 
absorbance at 260 nm of the supernatant after the reaction. 
For comparison the amount of phosphate released by acid 
hydrolysis of the ATP-Sepharose was determined as described 
by Mosbach (4-2). The ATP-Sepharose gel was stored in 50# 
glycerol with 0.1# sodium azide as a preservative. 
Preparation of alkyl-Sepharoses with CUBr activation 
n-Hezylamine and n-octylamine were coupled to Sepharose 4B 
by a combination of methods (4-3, 44). A 100 ml sample of 
Sepharose 4b, -v^ ich had been allowed to settle overnight, 
was washed with 1 liter of deionized water in a 350 ml 
sintered glass funnel. Ten grams of CNBr dissolved in 10 ml 
of dioxane was added to the Sepharose which had been sus­
pended in 200 ml of deionized water. This solution was 
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stirred with a 7.5 cm stirring bar in a 600 ml beaker. A 
solution of 5 N NaOH was used to adjust the pH to 11 and the 
pH was maintained at 10.5 to 11 by the addition of 5 N NaOH. 
Crushed ice was added to maintain the temperature at 20-25°C. 
After 15 minutes the reaction had slowed considerably as 
evidenced by the slow drop in pH. The activation was termina­
ted by the addition of crushed ice, filtration on a sintered 
glass funnel, and washing the gel with 1 liter of ice-cold 
deionized water. 
The n-alkylamine (4 moles per mole of CMBr) was dis­
solved in 80 ml of a solution composed of 4-0 ml N,N-
dimethylformamide and 40 ml of 0.1 M lîaHCO^  (pH adjusted to 
9.5 with 3 N HCl). The activated Sepharose was suspended 
in 200 ml of 0.1 M NaHCO^ , pH 9.5, and the n-alkylamine so­
lution was added immediately with swirling. The reaction 
suspension was swirled on a Gyrotory Shaker (New Brunswick 
Scientific Company, New Brunswick, N.J.) overnight at room 
temperature. The alkyl-Sepharose was then washed with 500 
ml of each of the following respectively: (a) water, (b) 
0.2 M acetic acid, (c) water, (d) 50 mM NaOH, (e) water, 
(f) dioxane-water (1:1, v:v), (g) 0.2 M acetic acid and 
finally with 2 liters of water. The alkyl-Sepharose was 
stored in 0.1 M Na2 EDTA, pH 4.8 to maintain gel stability 
(45). 
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Preparation of alkyl-Sepharose with bifunctional 
oxiranes The "bis-oxirane, 1,4-butanediol diglycidyl 
ether, was used to prepare an activated Sepharose for the 
coupling of ethylamine, n-butylamine, n-hexylamine, and n-
octylamine to Sepharose 4-B as described by Sundberg and 
Porath (4-6). 
Preparation of alkyl-Sepharose with glycidyl ethers 
The butylglycidyl ether, hexylglycidyl ether, and 
octylglycidyl ether were synthesized by the procedure of 
Ulbrich et al, (4-7). The alkylglycidyl ethers were coupled 
to Sepharose 4-B according to procedure (ii) in reference (4-8). 
Preparation of alkylguanidines The alkylguanidines 
were prepared by reacting the n-alkylamines with 2-methyl-
2-thio-pssudourea sulfate (49). 
Enzyme preparations 
Preparation of microsomal enzyme and NaClOij extract 
The preparation of corn root microsomes was accomplished by 
modification of procedures described previously (19, 37, 50). 
Corn seeds were germinated in covered trays lined with paper 
towels moistened with a solution containing 0.1 mM CaClg and 
5" mM KCl. After 3-4 days in the dark at 30°C, entire primary 
roots were excised and immersed in ice-cold deionized water. 
The roots were drained, blotted dry with paper towels and 
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weighed. All subsequent steps were carried out at 4—^ C. 
The roots were cut into approximately 1 cm lengths and 
transferred into a solution of 2^ 0 mM sucrose, 3 niM Nag EDTA 
and 15 mM Tris-HCl, pH 7.2 (5 ml per gram of roots). The 
root tissue disruption was achieved by homogenizing with a 
Polytron PT-IOST homogenizer (Brinkman Instruments, Inc., 
Westbury, New York) for 1-2 minutes at a speed setting of 4-. 
For each gram of corn roots, 0.25 grams of polyvinyl-
pyrolidone was added and the solution stirred and filtered 
through 4- layers of cheese cloth. The solution was centri-
fuged at 1600 g for 10 minutes (1600 g pellet). The super­
natant was removed and centrifuged at 12,000 g for 20 min­
utes (12 K pellet). The supernatant from the 12,000 g run 
was then centrifuged for 1 hour at 80,000 g. The 80,000 g 
pellet was suspended in the homogenization buffer and re-
centrifuged at 80,000 g for 1 hour. 
When microsomes were to be prepared for assay, the 
final 80,000 g pellet was resuspended in 250 mM sucrose, 
3 mM MgClgj 3 nM Nag EDTA, and 15 mM Tris-HCl, pH 7.8, giv­
ing a final protein concentration of about h mg/ml. This 
preparation is referred to as the microsomal enzyme. If the 
extract of the 80,000 g pellet was to be prepared, the pellet 
was resuspended in a solution containing equal portions of 
the microsomal buffer and a solution of 1.0 M NaClO^ ,^ 5 mM 
MgClg, 5 mM Nag EDTA, and Tris-HCl, pH 7.8, giving a final 
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protein concentration of about 4 mg/ml. The mixture was 
incubated at 30°C for 4$" minutes and centrifuged at 80,000 
g for 1 hour. The supernatant was collected and is referred 
to as the NaClO^  extract. 
It has been shown that a modification of this procedure 
can eliminate two of the high speed centrifugation runs (P. 
Paulsen, ISU Biochemistry Lab., 1977, unpublished data). 
The preparation of the WaClOi^  extract in later preparations 
employed a CaClg precipitation of microsomes from the 12,000 
g supernatant. The supernatant from the 12,000 g centrifu­
gation was made ^ 0 mM in CaClg by addition of 3 M CaCl2 solu­
tion. This solution was allowed to stand for minutes in 
an ice bath during which time the solution became turbid. 
The solution was centrifuged at 12,000 g for 20 minutes and 
the pellet was taken up in 20 nM Wag EDTA, 2^ 0 mM sucrose, 15 
mM Tris-HCl, pH 7.2 (1 ml per gram of roots). The suspension 
was recentrifuged at 13,000 g for 20 minutes. This pellet 
was used to prepare the NaClO^  extract exactly as the second 
80,000 g pellet had been before. 
The NaClO^  extract was stable for several months when 
stored at -20°C. 
Preparation of microsomal enzyme from cortex and stele 
The cortex tissue was prepared by pinching the primary root 
near the kernel and pulling away from the kernel. The stele 
was obtained by slicing off the remaining strand of tissue 
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with a razor blade. Microsomes from both cortex and stele 
were prepared by the centrifugation procedure described 
above. 
Preparation nf minrnanmai and NaClO^ j extract from 1600 g 
and 12.000 g pellets The pellets from the 1600 g and 
12,000 g centrifugations were resuspended in the homogeniza-
tion buffer and repelleted at 1600 g and 12,000 g respec­
tively. These pellets were then treated exactly as the 
second 80,000 g pellet and extracted with NaClOi^  solution 
at 30°C for ^ 5 minutes. 
Preparation nf minrnsnmes by discontinuous sucrose den­
sity gradient centrifugation Purification of the 80,000 
g pelleted microsomes was accomplished by the method of 
Leonard and Hotchkiss (20). This procedure produced micro­
somes that banded at the interface between 3^  and (w/w) 
sucrose and were about 70% plasma membrane (28). 
Another method of preparing microsomes by discontinuous 
sucrose density gradient centrifugation was used to obtain 
a spectrum of microsomes banding at the interfaces between 
20 and 30^ , 30 and 38^ , 38 and ^ 5^ , and ^ 5-^ 0^  sucrose (w/w) 
(37). 
Chromatography using ATP-Sepharose The ATP-Sepharose 
column (0.9 cm x 6 cm) was washed with 50 ml of 0.25 M KaClOi^ , 
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1.25 oM Nag EDTA, 1.25 mM MgClg, adjusted to pH 7.8 with 
Tris. A 3-4 ml sample of enzyme that had been purified by 
Sephadex chromatography as previously described (51) was 
applied to the ATP-Sepharose column. The column was main­
tained at and eluted with a flow rate of 6 ml per hour. 
Fractions of 2 ml each were collected by washing the column 
with 0.25 M NaClOi^ ., 1.25 mM Nag EDTA, 1.25 MgClg, pH 
7.8 with Tris. Absorbances of the fractions were monitored 
at 280 nm. 
Chromatography using alkyl-Sepharose The hexyl-
Sepharose prepared by the CNBr activation procedure was used 
for purification of the enzyme. The hexyl-Sepharose column 
(1.6 cm X 3^  cm) was prewashed with 100 ml of 2.0 M NaClOi^ , 
1.25 mM Nag EDTA, 1.25 mM MgClg, pH 7.8 with Tris followed 
by a similar solution containing 0.25 M NaClO^  instead of 
2.0 M NaClOi^ . The NaClO^  extract (20-30 ml) was applied 
and followed by 20-30 ml of 0.25 M NaClO^  solution. This 
wash was followed by a 100 ml linear gradient of 0.25 M to 
2.0 M NaClO^  ^solution. A flow rate of 6-8 ml per hour was 
used to collect 3 ml fractions. Immediately after use the 
column was washed and stored in 0.1 M Nag EDTA, pH 4.8 with 
NaOH. 
Chromatography using DEAE cellulose The enzyme which 
had been purified by chromatography on the hexyl-Sepharose 
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column as described above was concentrated to 10 ml in a 
dialysis bag covered with dry Aquacide II-A or by the use 
of a Millipore Immersible Molecular Separator Kit (Millipore 
Corp., Bedford, Massachusetts). After dialysis into 0.1 M 
NaCl, 1.2^  nM EDTA, 1.2? nM MgCl^ , pH 7.8 with Tris, 
the enzyme was applied to a DEAE cellulose column (0.9 cm 
X 9 cm) and eluted by gravity flow. The enzyme solution was 
followed by a 10 ml wash of 0.1 M NaCl solution and finally 
a ?0 ml wash with 1.0 M NaCl, 1.25 mM Nag EDTA, 1.25 idM 
MgClg, pH 7.8 with Tris. 
Chromatography using Sephadez G-lOO SF A column of 
Sephadex G-lOO Superfine (2.6 cm x 36 cm) was used as the 
final purification step. This column was calibrated for 
determination of molecular weights as described by a 
Pharmacia booklet (52). 
The enzyme solution from the DEAE cellulose column was 
dialyzed into 1.0 M NaClO^ , 1.25 œM Nag EDTA, 1.25 mM MgClg, 
pE 7.8 with Tris. The enzyme solution was concentrated to 
a final volume of 2-3 ml and made 10^  with respect to sucrose 
before application to the column of Sephadex. The flow rate 
was maintained at 6 ml per hour and 2 ml fractions were 
collected. 
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Enzyme assays 
Assay of K"'"-stiimilated ATPase activity Assays for K"*"-
stimulated ATPase activity were carried out as described by 
Tipton et al. (5l)« The reaction mixture routinely contained 
0.75 (imol Bis-Tris buffer, pH 6.6, 50 |j,mol KCl, and ^ 0 jxl 
or 100 p,l enzyme solution in a total volume of 1.0 ml. 
The reaction was initiated by addition of the enzyme (unless 
otherwise noted) and was carried out at 37°C for times up 
to 1 hour. The E^ -stimulated ATPase activity is determined 
by subtracting the activity determined in the absence of 
KCl from that determined in the presence of KCl. 
One unit of enzyme is defined here as the amount of 
enzyme that will produce one jimole of inorganic phosphate 
per hour. 
Routine assay for activity in column fractions Once 
the elution profile of the various columns had been estab­
lished using the above assay, a routine qualitative assay 
was used to locate active fractions. Indentations were made 
in a sheet of parafilm (10 cm x 30 cm) by pressing the bot­
tom of a 10 X 75 nmi test tube into the parafilm. Each in­
dentation was used as a reaction vessel. The assay sample 
contained ^  ^l of enzyme solution and 20 jxl of the assay 
mixture described above. The parafilm was covered with a 
plastic lid and the assay run in an incubator at 37°C for 
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1 hour. Color development of the stopped assay was esti­
mated qualitatively by eye. 
Assay for a phosphoiylated intermediate 
Assays for the presence of a phosphorylated intermediate 
were performed using the purified enzyme and y-[^^P]ATP as 
described by Ray and Forte (53)* 
Analytical 
Protein determinations The protein in microsomes 
was determined by the method of Lowry et al. (5^). The 
protein determinations for NaClO^ extract and more purified 
fractions were performed using the 1-lO^g range biuret-
phenol method p. 329) and dye-binding method (56)» 
Gel electrophoresis 
Procedure for Dolyacrylamide disc gel electrophoresis 
Disc gel electrophoresis was performed in the presence of 
Triton X-100 according to the method of Dewald et al. (57). 
This system stacks at pH 8.9 and runs at pH 9*5 with 7^ 
acrylamide in the separating gel. 
Disc gel electrophoresis was also performed in the ab­
sence of detergent with 7!^ acrylamide in the separating gel 
according to the method of Brewer et al. (55, P* 351) • This 
system stacks at pH 5«0 and runs at pH 4^3. 
Assays were performed on the basic and acidic gels to 
2^ 
determine the position and presence of ATPase activity. 
The entire gel was placed in 15 mis of a 25 mM Bis-Tris 
buffer, pH 6.6, for 15 minutes. The gel was then trans­
ferred to 15 mis of assay mixture (see Enzyme assays) and 
incubated for 10-25 minutes at 37°C. The gel was briefly 
rinsed with deionized water and transferred into 15 ml of 
the molybdate reagent used for the assay of inorganic 
phosphate. The bands, which had activity, stained blue. 
After several hours the entire gel became blue. 
Acidic and basic gels were stained for protein as 
described by Dewald et al. (57). 
Procedure for SDS gel electrophoresis SDS gel 
electrophoresis, staining of gels, and molecular weight 
determinations were performed by the Weber and Osbom pro­
cedure (58). 
Procedure for isoelectric focusing in an acrylamide 
gel Isoelectric focusing was performed according to the 
procedure of Brewer et al. (55, PP« 152-153)• The gels were 
stained according to the procedure of Holbrook and Leaver 
(59). The ampholytes were for the pH range of 3-10. 
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RESULTS 
The isolation of microsomes from corn roots involves a 
1600 g and a 12,000 g centrifugation to remove cell walls 
and mitochondria respectively. The supernatant from the 
12,000 g centrifugation is then centrifuged at 80,000 g. 
This pellet contains plasma membranes as well as some endo­
plasmic reticulumn, outer mitochondrial membranes, tono-
plast, and golgi apparatus (37). By applying the 80,000 g 
resuspended pellet to a discontinuous sucrose density grad­
ient as described in Materials and Methods a spectrum of 
membranes can be obtained. The microsomes after sucrose 
density gradient centrifugation have highest K^ -ATPase ac­
tivity at the 30-38# and kO-k-^ % sucrose boundaries (see 
Table 1). These regions correspond to the positions on the 
gradient with the greatest percentage of plasma membranes 
(28). The E^ -ADPase activity was maximal at the interface 
between 3O-38# and the activity of an enzyme which hydrolyzed 
AMP was maximal at the 38-^ 5!^  interface and the top of the 
gradient. There was no -stimulation of the hydrolysis of 
AMP. These data suggest that the activity responsible for 
some of the AMP hydrolysis and the K"'"-ADPase activity may be 
associated with the plasma membrane. 
Unlike the results of Leonard and Hotchkiss (20), who 
report no K^ -stimulated hydrolysis of ADP in the preparations 
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Table 1. Hydrolysis of ATP, ADP, and AMP by microsomes 
purified by sucrose density gradient centrifu-
gation 
Gradient Position Activity (units/mg protein) 
sucrose) K"^ -ATPase^  K"^ -ADPase^  AMPase^  
Top 0 0.55 7.2 
20-30# 1.8 1.7 4.0 
30-38# 4.4 3.0 6.0 
38-45% 3.4 1.6 8.5 
2.0 0.30 7.4 
S^timulation by 50 nM KCl. 
A^ctivity in absence of KCl. 
of plasma membranes from com roots, the results from ex­
periments reported here always show a close relationship be-
•f" 4-tween K -ATPase and K -ADPase. These experiments were car­
ried out with W64A corn while those of Leonard and Hotchkiss 
were with WF9 xMl4. It is not known if this difference in 
varieties is important in the differences in the presence 
of -ADPase activity. 
To determine whether the enzymes of cortex and stelar 
tissue are different, the cortex and stele were physically 
separated and microsomes prepared as described in Materials 
and Methods, The results in Table 2 show that while there 
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Table 2. Assay of microsomes from cortex and stele 
Activity (units/mg protein) 
Protein^  Substrate -K +K^  -Stimulation 
Cortex 19.7 mg ATP 4.34 5.73 1.41 
(4.7 mg/ml) 
ADP 6.04 6.66 0.62 
Stele 7.1 mg ATP 2.38 3.91 1.53 
(4.7 mg/ml) 
2.45 ADP 1.96 0.49 
T^otal protein isolated as microsomes. 
5^0 mM KCl. 
is no difference "between K^ -ATPase and K*"-ADPase activity in 
the cortex and stele, there is a significant difference be­
tween the two tissue types in the amount of activity which 
is not KCl stimulated. In cortex the hydrolysis of ADP is 
3 times the activity of the stele enzymes. The activity of 
enzymes hydrolyzing ATP also have a greater specific activ­
ity in the cortex. 
The solubilization of the K"*"-ATPase involved the use 
of the chaotropic salt WaClOi^ . Chaotropic salts have been 
used for the solubilization of several membrane bound pro­
teins (60 and references therein). To compare the effective­
ness of NaClO^  and NaCl in the solubilization of the 
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K"^ -ATPase, a batch of microsomes vas separated into 2 equal 
portions. One-half of the microsomes was extracted with 1.0 
M NaCl and the other with 1.0 M NaClOi^ . After incubation in 
the extraction media, the suspensions were centrifuged at 
80,000 g, the supernatants (extracts) removed, and the pel­
lets resuspended in microsomal buffer and assayed. 
The results in Table 3 show that extraction of the 
microsomes with NaClO^  is much more effective than extrac­
tion with NaCl. The NaClOi^  extract removes less protein, 
leaves less -ATPase in the pellet, and results in twice 
the specific activity in the extract as compared to the lîaCl 
extract. The pellet from the NaClO^  ^extract is seen to con­
tain less than 10^  of the activity of the extract. 
Table 3» Extraction of root microsomes with NaClOr or with 
NaCia  ^
Procedure Total Total Activity ( Drotsin) 
protein protein K -ATPase K -ATPase 
in extract in pellet in Pellet in Extract 
NaClOi^  Extract 5*6 mg 3^  nig 0.30 3.55 
NaCl Extract 8.0 mg 33 mg 1.43 1.60 
F^rom P. V. Paulsen, ISU Biochemistry Lab., 1977, un­
published data. 
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Earlier work has shown that the two low speed centrifu-
gations, 1600 g and 12,000 g, remove most of the cell wall 
and mitochondria (37). However some of these fractions 
might be present in the 80,000 g microsomal pellet. To de­
termine if the extraction procedure was extracting a -
ATPase from either of these sources, the pellets from the 
1600 g and 12,000 g centrifugations were extracted with 
ïïaClOi^  solution. For comparison, results in Table 4- report 
the protein content and activities of an extract prepared 
from CaClg-precipitated microsomes. The extract from the 
1600 g pellet has low protein and no detectable K'^ -ATPase. 
The extract from the 12,000 g pellet has less protein than 
the extract prepared from the microsomes pelleted at 80,000 
g and a small amount of -ATPase in the extract. The -
ATPase activity of the NaClO^  extract of the 12.000 g pellet 
is less than 10^  of the activity of the NaClOi^  extract of the 
80,000 g pellet. It is not likely that the EaClO^  extracted 
K^ -ATPase is associated with either cell walls or mito­
chondria. 
Initial attempts at purification of the K"*"-ATPase in­
volved the use of an ATP-Sepharose column. The ATP-Sepha-
rose was prepared by reacting adipic acid dihydrazide with 
CUBr activated Sepharose. The hydrazide-Sepharose was then 
allowed to react with NalO^ -oxidized ATP. The resulting 
gel has ATP coupled to Sepharose as depicted in Figure lA. 
30 
Table h. Extraction of pellets from low speed centrifu-
gation 
Sample Protein Activity (unlts/mfi protein) 
(mg/ml) -K +K K -Stimulation 
1600 g X 10 min 0.30 1.7 1.7 — — 
12,000 g X 20 min 1.02 7.3 7.6 0.3 
Extract from CaCl2 
precipitated microsomes 1.70 16.7 20.5 3.8 
Chromatography using ATP-Sepharose showed very promising 
results (see Figure 2). A peak of 280 im-absorbing material 
appeared at the void volume. This material contained an ATP 
hydrolyzing activity which was not stimulated by potassium. 
Eluting shortly after the void volume was a broad peak of 
potassium-stimulated ATPase activity. Very little or no 
detectable change in the absorbance at 280 nm occurred in 
the region where the K^ -ATPase eluted. Assays performed on 
fractions 4 and 12 of the ATP-Sepharose column show that the 
fractions containing the K^ -ATPase also contain similar 
amounts of -ADPase activity (see Table 5)• Also present 
in fraction 12 is an activity which is hydrolyzing AMP. 
Fraction 4 contains activities which hydrolyze ATP, ADP, 
and AMP but these activities are not stimulated by potassium. 
Figure 1. Structure of chromatographic supports 
(A) Structure of AïP-Sepharose ligand 
(B) Structure of alkyl-Sepharose prepared by CNBr activation 
(C) Structure of alkyl-Sepharose prepared with bifunctional 
oxiranes 
(D) Structure of alkyl-Sepharose prepared with glycidyl 
ethers 
n =: 1,3,5,7 
The covalent bond to the left of each structure is attached 
to a carbohydrate residue on a Sepharose bead. 
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Figure 2. Chromatography with ATP-Sepharose 
Mg -ATPase refers to activity in the absence of KCl. 
Activity in the presence of 0^ mM KCl is referred to as 
(K"^  + Mg^ )-ATPase. The assay was performed on 0.1 ml of 
enzyme. The controls were run with 0.1 ml of enzyme and 
no ATP. 
o = A280 
• = -ATPase 
ë H* 
ct-M 
& 
Fraction Number 
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Table 5* Hydrolysis of ATP, ADP, and AMP by fractions from 
the ATP-Sepharose column^  
Activity (units/ml of column effluent) 
Fraction 
# ATP ADP AMP (-)t (+)C (-) (+) (-) ( + ) 
h 1.12 1.14 2.97 2.82 1.72 1.61 
12 1.93 2.99 1.99 3.48 2.27 2.16 
A^ssays contained 0.7^  niM of the specified nucleotide. 
(^-) activity without KCl. 
(^+) activity with 50 KCl. 
Assays performed without added ATP on fractions from 
the ATP-Sepharose column, showed the presence of background 
phosphate in tubes containing the 280 nm absorbing material. 
After several columns had been run using the same ATP-
Sepharose the background phosphate disappeared. An assay 
of this ATP-Sepharose for the presence of acid hydrolyzable 
phosphate revealed that there were 7.3 umole of acid hy­
drolyzable inorganic phosphate per ml of gel. Identical 
assays performed on the ATP-Sepharose prior to use showed 
22 jxmoles of inorganic phosphate per ml of gel. This iiiç)lies 
that the ATP bound to the Sepharose had been hydrolyzed to 
AMP by the enzyme solution being passed over the gel. 
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Because the separation of E'^ -ATPase from the major portion 
of 280 nm absorbing material was still taking place, the 
separation was probably due to the spacer arm and/or the AMP 
moiety. 
Because the spacer arm has been found to be responsible 
for purifications achieved by so-called affinity methods 
(43), it was decided to investigate the role of the spacer 
arm in purification of the enzyme by the ATP-Sepharose media. 
A convenient hydrophobic chromatography kit was obtained from 
Miles Laboratories which allowed the rapid testing of the 
effects of the spacer arm on the purification of the enzyme. 
This kit contained 6 columns, each containing 1 ml of an 
alkyl-Sepharose, prepared by reacting a primary amine with 
CIîBr activated Sepharose. In this manner alkyl-Sepharose s 
were prepared with varying hydrocarbon chain lengths (see 
Figure IB). A sample of extract (0.2 ml) was applied to 
each of the columns (see Figure 3)» Each column was then 
washed with 2.0 ml of 0.2^  M NaClOi^ , 1.25 mM NagEDIA, 1.25 
mM MgClg, adjusted to pH 8.0 with Tris. The effluent from 
each of the columns was assayed for K^ -ATPase and 280 nm 
absorbing material. Those columns which retained K^ -ATPase 
activity were washed with 2.0 ml of 1.0 M NaClO^  solution. 
The alkyl-Sepharoses with chain lengths up to and including 
4 carbons did not retain any of the K"'"-ATPase, however, the 
6 carbon Sepharose retained nearly two-thirds of the K^ -ATPase 
Figure 3. Chromatography with CWBr activated alkyl-Sepharoses of 
various chain lengths 
Each column was cycled before use with 20 ml of 0.2? M 
NaClOlf, 1.2? mM NapEDTA, 1.2? mM MgClp, adjusted to pH 
8.0 with Trls. A 0.2 ml sample of extract was applied 
to each column followed by 2.0 ml of 0.2? M NaClOlf 
solution. 
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and the 8 and 10 carbon Sepharose retained all of the 
E^ -ATPase activity. While all of the K^ -ATPase was re­
tained by the alkyl-Sepharoses with 8 and 10 carbon arms 
only 20^  of the A280 material was retained. When the col­
umns were washed with 1.0 M NaClOi^  solution, columns with 
6 and 8 carbon arms released the K'^ -ATPase which had remained 
bound, while the 10 carbon arm Sepharose released approxi­
mately half of the K^ -ATPase that was bound. From these 
data it may be concluded that alkyl-Sepharoses prepared by 
reacting n-hexylamine or n-octylamine with CNBr activated 
Sepharose would permit substantial purification of the 
E^ -ATPase. 
To test the feasibility of using a chromatographic 
support which functions mainly by hydrophobic chromatography 
and a chromatographic support which has a less labile chem­
ical bond between the Sepharose bead and hydrophobic aikyl 
arm while maintaining a partial positive charge on the gel, 
two different series of chromatographic supports were pre­
pared. The first, which has a partial positive charge, was 
prepared by reacting 1,^ -butanediol diglycidyl ether with 
Sepharose 48. The product of this activation was then re­
acted with ethylamine, n-butylamine, n-hexylamine, and n-
octylamine producing a series of gels with a Sepharose 
ligand as pictured in Figure IC. 
Chromatography using the bis-oxirane activated alkyl-
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Sepharoses is depicted in Figure 4. Media with alkyl arms 
of 2 and 4 carbons did not retain the -ATPase. The alkyl-
Sepharoses with 6 and 8 carbon arms retained some A280 
material and nearly half of the -ATPase. The -ATPase 
which bound to gels 6 and 8 was eluted from the columns by 
a wash with 1.0 M NaClO^  solution. Because these supports 
did not efficiently retain the E^ -ATPase they were not used 
for further purification. The poor retention may be due to 
the lower degree of substitution obtainable by use of the 
bis-oxirane activation and alkylamine coupling reactions 
(46). 
The chromatographic support prepared by reacting butyl-, 
hexyl-, and octylglucidyl ethers with Sepharose contained a 
coupled ligand as depicted in Figure ID. Because these 
alkyl-Sepharoses are neutral, that is they have no charged 
groups, and contain hydrophobic substituents, the methods 
employed to obtain retention and elution of the proteins 
will be different than with charged alkyl-Sepharoses. With 
the uncharged alkyl-Sepharoses, retention is obtained by 
applying the protein in a high ionic strength solution. 
Retention is obtained because the protein is salted out on 
the hydrophobic alkyl arms (61-63)• Elution is obtained by 
lowering the ionic strength. 
The chromatography performed with alkyl-Sepharoses pre­
pared from glycidyl ethers is depicted in Figure The 
Figure 4. Chromatography with bis-oxlrane activated alkyl-Sepharoses 
of various chain lengths 
Each column contained 1.5 ml of alkyl-Sepharose. A 0.3 ml 
sample of extract diluted one-fold with water was applied 
to each column. Each column was washed with 3 ^  of 0.2? 
M NaClOii., 1.25 mM NapEDTA. 1.25 mM MgCl2, adjusted to pH 
7.8 with Tris, and the effluent assayed for K+-ATPase ID) 
and A280 (0). 
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Figure Chromatography with alkyl-Sepharoses of various chain 
lengths prepared from glycidyl ethers 
Each column contained 2 ml of the alkyl-Sepharose. Extract 
was diluted (1:1, v/v) with 4 M NaCl. A sample of 0.3 ml 
of the diluted extract was applied to each column and each 
column eluted with 3 ml of 2.0 M NaCl, 1.2^  mM Na2EDTA, 1.25 
mM MgCl2, adjusted to pH 7.8 with Tris. The second wash was 
with 3 mi of 0.25' M NaCl solution. The ahsorbance at 280 nm 
(ID), assays of the K+-ATPase from the first wash (0), and 
assays of the K^ -ATPase from the second wash were monitored. 
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extract was applied with 2 M NaCl in the solution. The first 
wash with 3 of 2 M NaCl soluticn eluted very similar 
amounts of protein from each of the columns. However, the 
K"'"-ATPase was retained on the 4- carbon arm Sepharose and was 
not retained on the 6 or 8 carbon arm Sepharoses. By lower­
ing the ionic strength, the 0.2^  M NaCl solution eluted the 
remaining K"""-ATPase which had been retained by the 4 carbon 
arm column. 
Because it appeared that hydrophobic chromatography 
with butyl-Sepharose prepared by reacting butylglycidyl 
ether with Sepharose ^ B would afford substantial purification, 
a large column (1.6 cm x 30 cm) was prepared. The extract 
was applied in a 3 M NaCl solution and eluted with a linear 
gradient of 3 M NaCl to 0.25" M NaClO^  solution. The profile 
of fractions obtained from this column is shown in Figure 6. 
The main peak of material absorbing at 280 nm is well-sep­
arated from the peak of K"^ -ATPase. Careful examination will 
show a small amount of -ATPase activity on the trailing 
edge of the peak of 280 nm absorbing material. The separa­
tion could be inçroved by eluting at a slower flow rate. 
Because the flow rate was already very slow (3 ml/hour) and 
because the recovery of E'*'-ATPase was less than from this 
column, it was decided to use the alkyl-Sepharose prepared 
by CNBr activation to purify the enzyme rapidly and with a 
higher yield. 
Figure 6. Chromatography with butyl-Sepharose prepared from butyl 
glycidyl ether 
An 8 ml sample of extract (dialyzed against 3 M NaCl, 1.2^  
mM NagEDTA. 1.25 mM MgClp, adjusted to pH 7.o with Iris) 
was applied to a column ti.6 x 30 cm) and eluted at a flow 
rate of 3 ml/hour with a linear gradient of 3 M NaCl to 
0.2^  M NaClOij. solution (25" ml of each). Assays were 
performed on $"0 }xl samples of each 2 ml fraction. 
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The results depicted in Figure 3 of the chromatography 
using alkyl-Sepharoses prepared "by CKBr activation suggest 
that a column prepared from octyl-Sepharose or hexyl-
Sepharose would give good purification of the E^ -ATPase. 
The octyl-Sepharose proved to be unsatisfactory because the 
degree of substitution could not be controlled precisely 
enough to create octyl-Sepharose with good resolving char­
acteristics. Preparations of octyl-Sepharose bound the K"*"-
ATPase so tightly as to make it difficult to elute the en­
zyme, or a slightly lower degree of substitution resulted 
in a medium which would not bind the enzyme. With hexyl-
Sepharose, the degree of substitution could apparently 
change over a greater range and resolution was still obtain­
able. 
Chromatography of the extract over hexyl-Sepharose 
prepared via CItBr activation is illustrated in Figure 7. 
Elution was performed as described in Materials and Methods. 
The material which eluted at the void volume (peak of 280 
nm absorbing material) contained enzyme activity which hy-
2+ drolyzed ATP in the presence of Mg , but this activity was 
not stimulated by KCl. As the linear elution gradient 
progressed from 0.25 M to O.50 M NaClOi^ , the K'^ -ATPase activ­
ity was found to elute from the column. The exact point 
in the gradient at which the enzyme eluted depended on the 
batch of hexyl-Sepharose which was used to prepare the column 
Figure 7. Chromatography with CNBr activated hexyl-Sepharose 
A 10 ml sample of NaClO^  extract was applied to the column 
and eluted as described in Materials and Itethods. Ab-
s or banc e at 280 rim (•) was monitored and KT-ATPase (O) 
assayed as described. 
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and the age of the column. Apparently the hexyl arms were 
slowly hydrolyzed from the column and resolution depended 
on the degree of substitution. Therefore, after 2-3 months 
of use the hexyl-Sepharose had lost much of its resolving 
capabilities and it was replaced with freshly prepared 
material. 
The enzyme solution which had been purified by hexyl-
Sepharose chromatography was dialyzed into 0.1 M NaCl solu­
tion and applied to a DEAE column. Elution was with 0.1 M 
NaCl, followed by 1.0 M NaCl solution. Figure 8 shows the 
elution profile of the DEAE cellulose chromatography. The 
enzyme did not bind to the DEAE cellulose under these con-
ditions, but a significant amount of protein did bind. Im­
mediately after the enzyme had eluted from the DEAE column 
it was applied to a column (0.9 cm x 20 cm) of hexyl-Sepharose 
which was equilibrated with the 0.1 M NaCl solution. The 
column was washed with 10-20 ml of 0.1 M NaCl solution and 
the enzyme eluted in a sharp band by washing with a short 
pulse of 2.0 M NaClOj^  solution. This was done to concentrate 
the enzyme and to get the enzyme back into a NaClO^  ^solution. 
The enzyme from DEAE cellulose chromatography was 
dialyzed into 1.0 M NaClO^  ^solution and applied to a column 
of Sephadex G-lOO Superfine. The chromatographic profile in 
Figure 9 of Sephadex G-lOO chromatography shows the presence 
of a single, well-defined peak of K'^ '-ATPase. Exactly corre-
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The absorbance at 280 nm (•) was monitored and the K^ -ATPase (A) assayed as 
described in Materials and Methods. 
Figure 8. Chromatography with DEAE cellulose 
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A 3 ml sample of DEAE purified enzyme was applied and eluted with 1.0 M 
NaClOi^  ^1.25 mM Na2EDTA, 1.2^  mM MgCl2j adjusted to pH 7.8 with Tris. 
The 280 nm absorbance (O and the K+-ATPase (0) were monitored. 
Figure 9* Chromatography with Sephadex G-lOO Superfine 
spending to this peak of K^ -ATPase was a peak of K^ -ADPase 
activity. Fractions "between and 48 contained an activity 
which hydrolyzed AMP. The 280 nm absorbances in this figure 
are to be interpreted with care as they are very near the 
limits of detectability. 
SDS gel electrophoresis performed on protein samples at 
various stages of the purification are pictured in Figure 10. 
Because the SDS electrophoresis gels of the protein samples 
were made and run at different times various protein bands 
will not necessarily coincide with the same bands on another 
gel. The SDS gel electrophoresis of the microsomes and 
extract show at least 2^  distinct bands and only minor dif­
ferences between the two gels can be seen. As expected from 
the chromatographic profile from the hexyl-Sepharose column, 
a dramatic purification has been obtained, as can be seen by 
the presence of only four protein bands on the gel of the en­
zyme eluted from hexyl-Sepharose. The distribution of these 
bands suggested that the proteins present differed enough in 
molecular weight to be resolvable on a Sephadex: G-lOO column. 
However, gel electrophoresis of the protein from the Sephadex 
G-lOO column showed 3 distinct protein bands, two at the top 
of the gel very close together and a single band near the 
middle. The bands at the top of the gel were shown to be 
spurious when they were found on a control gel to which had 
been applied SDS sample buffer dialyzed in a Fischer Scien­
tific Co. dialysis bag. As the blank gel shows, the two bands 
Figure 10. SDS gels of protein at various stages of purification 
A Microsomes (100 jig) 
B NaClO^  extract (7? (xg) 
C Hexyl-Sepharose (30 fxg) 
D G-lOO purified (10 jxg?) 
E Blank gel (see Results) 
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at the top of the gel came either from the sangle "buffer or 
from the dialysis bag. Electrophoresis of the sample buffer 
showed no protein bands. These spurious bands were found by 
Lees and Sepka to be due to the growth of a microorganism on 
the dialysis bags (64). The bands were completely eliminated 
by the presence of 0.01# sodium azide in the dialysis buffer 
and sample buffer. Gels have been prepared which do not have 
the two bands at the top of the G-lOO gel, but because these 
gels contained less protein the single band at the middle did 
not stain as clearly. Approximately 10 [xg of protein, eluted 
from the Sephadex G-lOO column, was applied to the gel for 
electrophoresis. This represents the total amount of protein 
purified from 400-600 grams of fresh corn roots. 
Disc gel electrophoresis in the presence of Triton X-100 
was performed using protein samples at various stages of the 
purification. These gels stack at pH 8.9 and run at pH 9.5. 
When gels of extract were stained for ATPase activity at least 
two bands were distinguishable in the gel and a possible band 
at the top of the gel. When similar gels were prepared using 
the G-lOO-purified protein the ATPase stain revealed the 
presence of a single band at the interface between the stack­
ing gel and the running gel. Protein staining also revealed 
a faint protein band at this interface. 
Disc gel electrophoresis in the acid pH range was also 
attempted. Dialysis of samples of the NaClOi^ extract into the 
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acidic sample buffer resulted in a precipitate forming in 
the dialysis bag. Electrophoresis performed on the soluble 
material did not give reproducible bands. Because of the 
precipitation problems, electrophoresis was not attempted on 
the more purified material. 
Isoelectric focusing was performed as a final check of 
the purity on the enzyme. Three different variations of this 
procedure were used to attempt to get the enzyme to focus. 
In the first attempt, the enzyme was placed on top of the 
gel in 10^  sucrose. In the second attempt focusing was car­
ried out with the protein solution polymerized in the gel. 
The third attempt ençloyed 1% Triton X-100 in the gel and in 
the protein solution. None of these procedures allowed 
visualization of an identifiable protein band when stained 
by the procedure of Holbrook and Leaver (59)« This staining 
procedure should allow visualization of at least 0,5 jj.g of 
protein in the gels. Because gels of BSA focused under these 
conditions, it was felt that the K"'"-ATPase was not focusing 
and had probably precipitated from solution. 
The specific activity, recovery, and the purification 
at each stage of the purification scheme is given in Table 
6. The specific activity shows the greatest increase after 
the hydrophobic column. The recovery is also the best for 
this stage of the purification. Recoveries of 100^  of the 
activity present in the extract were common after hydrophobic 
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Table 6. Purification and recovery of K"*"-ATPase 
Sample Specific Activity^   ^Recovery Purification 
Microsomes 1.75 — — 
NaClOi^  Extract 5.70 79 3.3 
Hydrophobic Column 110 79 63 
DEAE Column 4-50 65 260 
G-lOO Column 850 ^5 h90 
n^its/mg protein. 
chromatography. Chromatography with DEAE cellulose usually 
resulted in recovery, based on the preceding step, of less 
than hG%. If the DEAS cellulose chromatography step was run 
rapidly and the enzyme solution changed from 0.1 M NaCl to 
2.0 M NaClOi^  by hexyl-Sepharose chromatography, recoveries as 
high as 8p^  for this step could be obtained. The overall re­
covery was and nearly 500-fold purification was obtained 
by the procedure outlined in Table 6. 
A NaClO^  extract was made using the microsomes prepared 
by discontinuous surcose density gradient centrifugation (28). 
These microsomes contain approximately 70% plasma membranes. 
The NaClOi^  extract made using the microsomes had a K^ -ATPase 
activity of 6.2 units/mg protein. This compares well with 
60 
the normal NaClOi^  extract of microsomes prepared from the 
80,000 g centrifugation which has a K^ -ATPase activity of 
7 imits/mg protein. The NaClOi^  extract prepared from the 
discontinuous sucrose density gradient centrifugation was 
further purified by hexyl-Sepharose, DEAE cellulose, and 
Sephadex G-lOO chromatography. The -ATPase activity pre­
pared by this procedure behaved as the material prepared 
without the discontinuous sucrose density gradient centri­
fugation. 
Charac teri zation 
Estimation of molecular weight was performed by measur­
ing the mobility of the Sephadex-purified enzyme and the 
mobilities of proteins of known molecular weight during SDS 
gel electrophoresis. The elution volume of the -ATPase on 
Sephadex G-lOO Superfine chromatography and the elution vol­
umes of proteins of known molecular weight was also used as 
an estimation of the molecular weight. SDS gel electro­
phoresis and Sephadex chromatography provided estimates of 
30.500 and 27.000 respectively (Figures 11 and 12), 
The -ATPase activity of the plasma membrane fraction 
from corn roots showed biphasic kinetics as a function of 
increasing KCl concentrations (20). Assays of the hydro-
phobically purified enzyme showed increasing activity as a 
function of increasing KCl concentration as presented in 
Figure 11. Molecular weight estimation using SDS gel electrophoresis 
Samples of 2-3 M-g of lysozyme, myoglobin. a-chymotrypsinogen-A, 
pepsin, and ovalbumin were applied to 10^  SDS gels and electro­
phoresis carried out (molecular weights; l^ -,300, 17,200, 
2^ -,700, 35,000 and 4-3,000), The short vertical dash through 
the line connecting the points represents the intersection of 
the mobility of the K"^ -ATPase with the line. 
Molecular Weight (x 10~^ ) 
39 
Figure 12. Molecular weight estimation using chromatography on Sephadex 
G-lOO Superfine 
A 2 ml solution of 2 mg each of bovine serum albumin, 
ovalbumin, a-chymotrypsinogen-A. and ribonuclease-A was 
applied'to the Sephadex column (molecular weights 68,000, 
3^jOOO, 25',700, and 14,000 respectively). The short vertical 
dash through the plotted line represents the point where the 
calculated Kav of the K+-ATPase will intersect this line. 
where Ve is the elution volume, Vo is the void volume cal­
culated using Blue Dextran, and Vt is the total bed volume. 
Molecular Weight 
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Figure 13» This 8-shaped, curve does not show saturation 
until KCl concentrations over 200 niM are reached. Because 
the buffer systems used in these studies all contain a 
cation i^ ich stimulates the enzyme to some extent, potassium 
was used as the counter ion in buffer preparation and for 
the ATP. For this reason the lowest attainable concen­
tration is l4.6 nM. 
Figure 14- shows a plot of 1/velocity versus l/Mg*ATP 
concentration for the hydrophobically purified enzyme at 50 
and 300 mM KCl concentrations. The Mg'ATP concentration 
which shows a maximum of ATPase activity at 50 and 300 mM 
KCl is near 0.75 i# Mg'ATP. Inhibition by Mg'ATP is more 
pronounced at 50 mM KCl than at 300 mM KCl. The sensitivity 
of the assay for inorganic phosphate prohibited the use of 
Mg'ATP concentrations less than O.3I mM. At lower concen­
trations, more than I/3 of the substrate would be utilized 
to produce enough ortho phosphate to be measured accurately. 
Therefore, a meaningful apparent Km for Mg'ATP could not be 
determined with this assay. 
2+ Monovalent cation stimulation in the presence of Mg 
was greatest with and K^  (Figure 15). Stimulation by 
Na^  and Li^  were 87^  and 66^  of the stimulation by K"^ . 
stimulation at all concentrations tested was slightly more 
than K"*". The curve for K"*" in Figure 15 appears similar to 
the S-shaped curve for K^ -stimulation in Figure I3 except 
Figure 13. Activity of enzyme at increasing KCl concentrations 
Assays of hydrophobically purified enzyme, which had been 
dialyzed into 20 mM HBPES, adjusted to pH7.7 with KOH, were 
performed in 20 roM HEPES, 0.7? mM ATP (potassium form). 
0.75 mM MgClp, pH 7.7, and with 0.1 mg BSA per ml. Potas­
sium concentration increased from 14.6 mM (present in buffer 
and substrate) to 21^  mM by increments of 10 mM. 
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Figure l4. Kinetics of ATPase at ^ 0 mM KCl and 300 mM KCl 
Assays of hydrophobically purified enzyme, dialyzed against 
20 mM HEPES, adjusted to pH 7.7 with KOH. were performed in 
2.0 mM HEPES, with 0,1 mg/ml BSA, and Mg'ATP concentrations 
from 0.31 to 3.1 mM. The potassium concentration was and 
300 mM for the upper and lower curves respectively. 
(l/units/mg protein) x 10^  
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Figure 1^ . Relative cation stimulated activity at increasing cation 
concentrations using various cations 
The enzyme activity at 0^ mM KCl is assigned a relative 
activity of 100. All cations were present as the chloride 
salts. The enzyme had been purified through Sephadexchro­
matography and dialyzed into 0.188 M Tris-glycine, pH 
8.9* Assays were performed with 50 |a,l of enzyme, resulting 
in an assay at pH 7.9» 
Catlôn concentration (mM) 
NH, 
K 
Na + 
Li 
1 
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that in Figure 15" saturation appears to be taking place near 
50 mM KCl rather than 200 mM KCl in Figure 13. The major 
differences between these experiments are the purity of the 
enzyme and the buffer system used for assay. 
The activity of the enzyme at two stages of purifica­
tion on several substrates is shown in Table 7. The activ­
ities, presented in this table, should be viewed in several 
ways. First under the columns headed +K"'", which refers to 
50 mM KCl, the enzyme purified with hexyl-Sepharose shows 
higher specific activities with the substrates ADP and AMP 
than with ATP. After chromatography with Sephadex the 
activity with ADP is considerably lower than with ATP and 
the activity which hydrolyzes AMP is nearly gone. Pyro­
phosphate and p-nitrophenylphosphate are substrates with 
approximately 10^  of the K"^ -stimulated activity of ATP. The 
inhibition by of pyrophosphate hydrolysis by the hexyl-
Sepharose enzyme and stimulation after Sephadex chromatography 
are as yet unexplained results. 
The AMP and ADP hydrolyzing activity in the hexyl-
Sepharose purified enzyme were initially believed to be 
separate enzymes, distinct from the activity which hydrolyzed 
ATP. After Sephadex chromatography, the AMPase activity 
eluted ahead of the -ATPase and had a molecular weight of 
9^,000 as calculated from its elution volume. The K''"-ADPase 
was found to coincide exactly with the peak of K^ -ATPase 
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Table 7. Activities of the enzyme at different stages of 
purification with various substrates^  
Purified thru Purified thru 
hexvl-Sepharose Sephadex G-lOO 
-K^  +K^  K^ -ATPase JC +K K^ -ATPase 
ATP • 14.1 83.9 69.8 71 895 824 
ADP 45.2 135.7 90.5 164 636 471 
AMP 150 142 . — —  24 24 
a+p-Glycero-p^  2.8 6.6 3.8 24 59 35 
p-Nitropheoyl-P 13.2 21.7 8.5 106 188 82 
Pyrophosphate 48.1 40.5 —  —  553 647. 94 
Assay contained 0.75 mM substrate (sodium salt), 100 
mM glycine, adjusted to pH 7.8 with Tris, 0.75" mM MgClp, 0.01 
mg/ml BSA, and 50 mM KCl (when added). 
A^ssay without added KCl. 
 ^As say with 50 mM KCl. 
M^ixture of 2.% a and 75# P. 
activity. Because the two copurify in this manner, it is 
assumed that both activities are possessed by the same en­
zyme. Results presented later will support this contention. 
Assays of the Sephadex-purified enzyme in two different 
buffer systems with various nucleotides were performed (Table 
8). Two portions of the enzyme were dialyzed against 1.0 M 
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Table 8. Relative activity of Sephadex purified enzyme with 
various substrates^  
Enzyme in NaClO^  Enzyme in Tris-Glycine^  
ATP 100 100 
ADP 140 45 
AMP 12 1 
OTP 127 84 
UTP 96 85 
GTP 34 64 
The enzyme was purified through Sephadex chromatography 
and dialyzed into 1.0 M lïaClOi^ , 1.25 i# NapEDTA, 1.25 inM 
MgCl2, adjusted to pH 7.8 with Tris or 0.188 M Tris-glycine 
pH 8.9- Assays contained 0.75 niM substrates (sodium salt), 
50 |j,l of enzyme and the usual assay mixture as described in 
Materials and Methods. Activity with ATP = 100. 
i^nal assay mix has 50 mM MaClO^ , and is pH 6.7. 
F^inal assay mix has 9.4 mM Tris-glycine and pH 7.9» 
NaClO^  solution and 0.188 M Tris-glycine solution. In the 
final assay mixture, the enzyme in NaClO^  was assayed with 
50 niM NaClOj^  and had a final pH of 6.7, while the enzyme in 
Tris-glycine was assayed with 9.4 mM Tris-glycine and had 
a final pH of 7.9* The rest of the assay mixture was the 
same as the assay mix described in Materials and Methods, 
escept for the different substrates. In the Tris-glycine 
system ATP is the best substrate of those tested, while in 
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the NaClOi^  system ADP and OTP are both better substrates. 
The large changes in substrate specificity are probably a 
result of changes in pH (6.7 versus 7.9) and concentration 
of NaClOi^ . 
To test the hypothesis that the K"^ -stimulated hydrolysis 
of ATP and ADP are activities that reside on the same en­
zyme, two inhibitors of ATP and ADP hydrolysis were used 
(65). The structural analogues of ATP and ADP, p^ y-methylene-
adenosine 5'-triphosphate (AOPOPCP) and a -methyleneadenosine 
5'-diphosphate (AOPCP), were included in assays for K^ -ATPase 
and K^ -ADPase activity. Because the -ATPase activity 
showed substrate inhibition (Figure 1^ ) in the range for 
which sensitive assays could be performed, the normal pro­
cedure of looking for competitive inhibition by both analogues 
of both activities could not be used. Instead an assay was 
performed with each analogue present in the assay of each 
substrate. The results in Table 9 show that the ATP analogue 
(AOPOPCP) inhibits ATP and ADP hydrolysis by and ^ 1$ 
respectively. The ADP analogue inhibits ATP and ADP hy­
drolysis by 71$ and 82^  respectively. The similar inhibition 
of hydrolysis of ATP and ADP by each of the analogues argues 
for the presence of both ATP and ADP hydrolyzing activity 
on the same enzyme. 
Using the same assay system as described in Table 9, 
assays were run to determine the effects of an inhibitor of 
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Table 9- Effect of P ^ y-methyleneadenosine 5' -triphosphate 
ATifi a.^ -methyleneadenosine 5'-diphosphate on K"*"-
stimuiated ATP and ADP hydrolysis®-
K"*"-Stimulated Activ 
(units/mg protein) 
ATP 821+ 
ADP 4-59 
AOPOPCP 0 
AOPCP 0 
ATP + AOPOPCP hl2 
ATP + AOPCP 188 
ADP + AOPOPCP 224 
ADP + AOPCP 82.4 
Assays contained 0.75 inM ATP or ADP (sodium salt), 0.75 
mM analogue (if present), 0.75 mM MgCl2 (1.5 mM MgCl2 if 
analogue present), 0.01 mg BSA per ml, 10 mM glycine ad­
justed to pH 7.8 with Tris, and the Sephadex purified enzyme. 
S^timulation by 50 mM KCl. 
myokinase activity, p\p^ -di(adenosine-5'-)pentaphosphate 
[A(P)^ A], (66, 67). Assays with A(P)^ A revealed K^ -stimu-
lated hydrolysis of the inhibitor of 695 units/mg protein. 
Assays with ADP present with the inhibitor showed 530 units/ 
mg protein of activity. This inhibitor appears to be a 
substrate for the enzyme with activity midway between 
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activity with ATP and ADP. 
Alkylguanidines have been shown to be inhibitors of 
uptake in barley roots (68). Of the alkylguanidines tested 
the octyl and hexyl homologues were the best inhibitors. 
When the alkylguanidines, ethyl-, butyl-, hexyl-, and 
octylguanidine were incubated for 15 minutes with the 
microsomal enzyme and the enzyme then assayed for ATPase 
activity, stimulation by all the alkylguanidines tested was 
observed (see Table 10). The stimulation by each of the 
alkylguanidines at 2 mM was equal to or greater than stim­
ulation by 50 mM KCl. Of the alkyl-guanidines tested hexyl-
guanidine showed the greatest stimulation of the microsomal 
ATPase. Figure 16 shows the stimulation by hexylguanidine 
at concentrations from 0.01 mM to 2.0 mM. The stimulation 
by 2.0 mM hexylguanidine is not affected by the addition of 
50 niM KCl indicating that the hexylguanidine is stimulating 
the K^ -ATPase. If the hexylguanidine were stimulating an­
other ATPase, one would expect further stimulation by 50 mM 
KCl. Assays of the G-lOO purified enzyme preincubated with 
each of the alkylguanidines showed no effect on the ATPase 
activity. 
Table 11 shows the results of including DCCD, Gramicidin 
D, and quercetin in the assay in concentration ranges which 
have been effective in modifying K"*" uptake by whole roots or 
ATPase activity in microsomes. Quercetin and Gramicidin D 
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Table 10, Effect of alkylguanidines on microsomal K^ -ATPase^  
Activity (units/mg protein) 
-K +K 
Control^  23.1 25.3 
Ethylguanidine 25.3 
Butylguanidine 2^ .5 
Hexylguanidine 27.7 
Octylguanidine 25.7 
Assays were performed by incubating the enzyme with 2 
mM alkylguanidine for 1^  minutes at 37°C, and starting the 
reaction by adding Mg'ATP (3 nM final concentration). 
%o alkylguanidine present. 
Table 11. Effect of inhibitors on K^ -ATPase activity^  
Relative K"^ -ATPase Activity^  
Microsomes 
Control 100 
O.O4 mM DCCD 26 
0.1 mM Gramicidin D 100 
27 jiM Quercetin 100 
Solubilized enzyme^  
Control® 100 
0.02 mM DCCD 100 
0.0^  mM DCCD 102 
0.1 mM DCCD 97 
0.2 mM DCCD 98 
DCCD, Gramicidin D, and Quercetin were dissolved in 
dioxane,ethanol, and dimethylsulfoxide respectively. In­
hibitors were added in 10 jxl of solvent to the enzyme assay 
mix and assays started by adding ATP. 
C^ontrols with 10 ^ 1 of solvents had no effect. 
C^ontrol activity = 100 (microsomes were 0.$4 units/mg 
protein, solubilized was 86 units/mg protein). 
P^urified thru hexyl-Sepharose chromatography. 
Figure 16. Effect of hexylguanidine and 50 mM KCl on microsomal K^ -ATPase 
Assays were performed using a 15 minute preincubation at 37 C 
with hexylguanidine. Assays were started by the addition of 
Mg'ATP (3 niM final concentration). The bar graph represents 
activity of the microsomes with 50 mM KCl (left bar) or with 
2.0 mM hexylguanidine and 50 mM KCl (right bar). 
2.0 noM hexylguanidine 
+ 0^ mM KCl 
21 
1.0 2.0 
Hexylguanidine concentration (mM) 
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have no detectable effect on the K^ -ATPase activity. DCCD 
inhibits the microsomal enzyme but has no effect on the en­
zyme after it has been solubilized. 
Treatment of microsomes or enzyme purified by hezyl-
Sepharose chromatography with lîbf-Cl had no effect on K"*"-
ATPase activity (Table 12). 
Calcium has been shown to be a potent inhibitor of the 
K"^ -ATPase of the plasma membrane fractions from corn roots. 
The -ATPase was inhibited by 73^  (in the presence of Mg^ )^ 
p 1 I 
at 0.5 Ca (20). Similar experiments using the K -ATPase 
purified by hexyl-Sepharose chromatography, show very little 
or no inhibition by Ca^ "*" ( see Table 13) • The inhibition by 
2+ Ca appears to take place only with the microsomal enzyme. 
Experiments with y-E^ P^jATP (0.44 x 10^  cpm/jxmole) were 
performed to determine the possible involvement of a phos-
phorylated intermediate in the enzyme mechanism. These ex­
periments used the lïaClOi^  extract which had been dialyzed 
against 0.188 M glycine adjusted to pH 7.9 with Tris. Re­
actions were run in the presence and absence of 50 mM KCl 
for 4-5" seconds and stopped by pipetting an aliquot of the 
reaction mixture onto Whatman No. 3 filter paper. These 
papers were then washed with ice cold ethanol and counted. 
This method could detect, as a lower limit, the presence of 
a phosphorylated intermediate which represented of the 
total K^ -ATPase available. The limiting factor in this 
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Table 12. Effect of Nbf-Cl on the K^ -ATPase activity^  
K^ -ATPase (units/mg protein) 
Microsomes 
Control" 
Control + DTT 
Nbf - CI 
ITbf - CI + DTT 
Hexyl-Sepharose 
Control" 
Control + DTT 
Nbf -CI 
Nbf -CI + DTT 
1.09 
1.11 
1.12 
1.03 
9.2 g 
Nbf-Cl was dissolved in ethanol and added in a 5 
aliquot (final concentration 0.1 mM) to the enzyme (micro­
somal enzyme or hexyl-Sepharose enzyme). Each enzyme solu­
tion was incubated with the reagent in an ice bath for 2.5" 
hours. Samples were removed and incubated at room tempera­
ture for 1/2 hour with or without DTT (final concentration 
1 mM). Assays were then run as usual on these enzyme solu­
tions . 
C^ontrol was run as above with ? |il of ethanol. 
Table 13 • Effect of added CaCl2 on K"*"-AT Pa se activity* 
CaClg concentration (mM) Activity (units/mg protein) 
0 23.1 
0.02 23.3 
0.05 23.3 0.10 23.3 0.20 22.5 
0.50 22.0 
0.75 21.2 
T^he hexyl-Sepharose purified enzyme was assayed in 20 
mM HEPES, adjusted to pH 7.7 with KOH, 0.75 mM MgClo, 0.75 
mM ATP (potassium salt), 0.01 mg/ml BSA, 50 mM KCl and vary­
ing concentrations of CaClg. 
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detection is the small amount of K^ -ATPase available by our 
isolation procedure. The data obtained from these experiments 
suggest that if the K"^ -ATPase is phosphorylated, it is not 
detectable within the limits of this experiment. 
Qh 
DISCUSSION 
This work describes the purification and partial char­
acterization of a K''"-ATPase from Zea mays roots. The puri­
fication of this enzyme was undertaken in order to allow a 
critical analysis of its role in ion absorption. Although 
this work does not provide evidence proving or disproving 
the possible involvement of the K'^ -ATPase in ion absorption, 
it provides a procedure for preparing the enzyme for at­
tempts at reconstitution of transport in model systems. 
Properties of the enzyme are also compared with known prop­
erties of the ion transport system in roots. 
Purification 
The typical mature plant cell has a large central 
vacuole, a rigid cell wall, and a relatively thin shell of 
protoplasm between the vacuole and cell wall. Compared to 
animal tissue, plant tissue has a small amount of protein. 
For example, beef liver has 19.8^  protein while spinach 
leaves have 2.2% crude protein (69). The small amount of 
protein from a large amount of tissue presents a problem 
when one attençts to isolate and purify a protein from 
plants. 
In corn roots, the basic procedure for obtaining the 
plasma membranes is to prepare a root homogenate, by grind­
8?  
ing the root tissue, and centrifuge at 1600 g and 12,000 g 
to remove cell wall and mitochondria. The supernatant is 
centrifuged at 80,000 g and the pellet resuspended and ap­
plied to a discontinuous sucrose density gradient. The 
plasma membranes band at the interface between 3^  and 
sucrose (w/w) (20). Because less than 1 mg of plasma mem­
brane protein can be obtained from 50 grams of roots by this 
procedure (40), it was felt that the loss of plasma membranes 
by the discontinuous sucrose density gradient technique was 
too great to allow purification of the K^ -ATPase in quanti­
ties needed for characterization. In order to get the 
greatest amount of plasma membrane protein possible, the 
pellet from the 80,000 g centrifugation was used for further 
purification for extraction of the enzyme. The use of the 
80,000 g pellet for the extraction of the K"^ -ATPase appears 
justifiable because when the plasma membrane fraction pre­
pared by discontinuous sucrose density gradient centrifuga­
tion was used for preparation of the NaClOi^  extract, the ex­
tract prepared had a higher K"^ -ATPase activity than the ex­
tract prepared from the 80,000 g pellet (6.2 versus 5.7 
units/mg protein). This indicates that the K^ -ATPase ex­
tracted from crude microsomes comes from the plasma mem­
branes. Extracts of pellets enriched in cell walls and 
mitochondria do not show the presence of a significant 
ATPase activity (Table 4). 
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Previous reports (20) have not shown the -stimulated 
hydrolysis of ADP which was present in the preparation of 
microsomal enzyme. The K^ -ADPase activity appears closely 
associated with the K^ -ATPase and is handed on the discon­
tinuous sucrose gradient in fractions enriched in plasma 
membranes (Table 1). Assays also revealed the presence of 
an AMP hydrolyzing activity whose specific activity is almost 
twice that of the K^ -ATPase. Leonard and Hotchkiss report 
a ratio of AMP hydrolyzing activity to K^ -ATPase activity of 
about 0.5 (20). The differences in K^ -ADPase and AMP hy­
drolyzing activity may be due to the differences in the 
varieties of corn used in these studies. The specific activ­
ity of the K^ -ATPase in the plasma membrane fractions is 
similar to that reported by Leonard and Hotchkiss (20). 
Extraction of the enzyme from the microsomes in the 
80,000 g pellet was performed using the chaotropic salt, 
NaClOi^ . Once the enzyme was solubilized initial attempts 
at purification involved the use of ATP-Sepharose chromatog­
raphy. Although purification of the K"*'-ATPase was obtained 
(Figure 2), the purification was probably due to the spacer 
arm which bound the ATP to the gel. A 63-fold purification 
of the K^ -ATPase, over the activity present in the micro­
somes, was obtained by use of a hexyl-Sepharose column pre­
pared via CNBr activation of the Sepharose (Table 6). The 
use of alkyl-Sepharoses, prepared via CKBr activation, for 
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purification of proteins has several pitfalls. First, the 
chemical bond that joins the alkyl arm with the Sepharose 
bead is an O-Sepharose-N-substituted isourea linkage (see 
Figure IB), which has been shown to undergo nucleophilic 
attack by amino groups releasing N^ ,N^ -disubstituted 
guanidines (^ 5, 70). Although this reaction is known to 
take place with less than 1% yields, the effect on con­
tinued performance of the chromatographic media would be a 
loss in resolution after a number of uses. Secondly, be­
cause the isourea linkage leaves a positive charge on the 
gel, it was felt that a support which minimized the 
electrostatic interactions would allow evaluation of the 
extent to which purification of the enzyme was due to 
hydrophobic interactions alone. Because the K"'"-ATPase is a 
membrane bound protein, purification by hydrophobic inter­
action chromatography would be an obvious choice. Several 
other alkyl-Sepharoses were tried (Figures 4-, 5? and 6) to 
avoid some of the drawbacks of using hexyl-Sepharose but 
each of these alkyl-Sepharoses had its own drawbacks. The 
material prepared using the bis-oxirane activation did not 
afford as good a separation (Figure if) as the hexyl-Sepha-
rose prepared via CHBr activation. Chromatography using 
alkyl-Sepharoses prepared from alkyl-glycidyl ethers did 
separate the enzyme from the bulk of A280 absorbing material 
but the slow flow rates required for separation resulted in 
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poor recoveries. 
The chromatography with DEAE cellulose offered signifi­
cant purification (Table 6) hut from the SDS gels it ap­
pears that this step could be eliminated. The original in­
tention of DEAE cellulose was to remove rapidly the AMP 
hydrolyzing activity. This activity was still present after 
DEAE chromatography. Chromatography using Sephadex G-lOO 
Superfine removed the AMP hydrolyzing activity and purified 
the K"'*-ATPase to a single band on SDS gels. 
Disc gel electrophoresis in the basic pH range indi­
cated that the K^ -ATPase has a very low mobility at pH 8.9* 
In work with the -ATPase purified from corn shoots, the 
K'''-ATPase behaves as a cation at pH 7 in gel electrophoresis. 
Both the enzyme from shoots and the enzyme from roots are 
purified in a similar manner and have similar properties 
(Michael Davis, ISU Biochemistry Lab., 1977, unpublished 
data). Because the K^ -ATPase from roots has a low mobility 
at pH 8.9 and the same enzyme from shoots behaves as a cation 
at pH 7, the -ATPase probably has an isoelectric point in 
the basic pH range. Experiments using Ampholytes in iso­
electric focusing gels were not successful in substantiating 
this because the protein would not focus. 
Using the SDS gel as a criterion for purity, one could 
estimate that the protein is 90jS pure if the Coomassie Blue 
stain can detect 1 jxg of protein as suggested by Weber and 
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Osborn (58). The removal of the AMP hydrolyzing activity 
is perhaps more important than the purity of the enzyme. 
The AMPase was the only activity detected by Pi assay which 
was not -stimulated (Table 7). 
The K^ -ATPase extracted from microsomes with NaClO^ , 
chromatographed sequentially over hexyl-Sepharose, DEAE 
cellulose, and Sephadex G-lOO Superfine was purified almost 
500-fold over the activity that was present in the microsomes 
prepared from the 80,000 g centrifugation. 
The turnover number for the K^ -ATPase is 6.4 per second. 
While this number is low for an enzyme catalyzed reaction, 
the best turnover number for the animal (Ua^  + K^ )-ATPase 
is 60 (2). Most preparations of the (Na"*" + K^ )-ATPase 
are one-half of this number. 
Characterization 
Care must be exercised when one attempts to make a 
comparison between the characteristics of the K^ -ATPase 
found associated with the microsomal fraction and the puri­
fied K^ -ATPase, free of membrane material. The removal of 
the enzyme from its natural environment will certainly lead 
to characteristics which are different from the native en­
zyme. 
Several important pieces of information imply that the 
K^ -ATPase purified in this work is associated with membranes 
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and that these membranes are plasma membranes. First the 
-ATPase activity is greatest in fractions having the 
greatest amount of plasma membranes (Table 1 and reference 
•^0). Second, the extraction with NaClO^  of the microsomes 
that are enriched in plasma membranes yielded a higher spe­
cific activity for the -ATPase than the extract from the 
crude microsomes prepared by the 80,000 g centrifugation. 
The superior ability of NaClOi^  compared to NaCl to extract 
the K"^ -ATPase implies that the chaotropic salt, NaClOi^ , 
solubilizes a protein which is bound to the membrane by 
hydrophobic interactions. Since NaCl also extracts some of 
the -ATPase, the binding to the membrane also involves 
ionic interactions. Using Singer's criterion for distin­
guishing peripheral and integral membrane proteins, the 
NaClO^  and NaCl extraction information indicates that the 
-ATPase has characteristics somevdiere between a peripheral 
and integral membrane protein (71). 
The NaClOi^  extraction procedure results in solubiliza­
tion of 80^  of the -ATPase activity (Table 6). After the 
NaClO^  extraction, the pelletable microsomes contain only 
of the K^ -ATPase activity present in the original 
microsomes (5^ 1). This suggests that the K'^ -ATPase present 
on the microsomes is the same enzyme that is extracted with 
NaClOi^ . 
After solubilization of the microsomal enzyme several 
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of the K^ -ATPase properties are altered. The pH optimum 
for the microsomal K^ -ATPase of com roots is "between pH 
6 and 7 (20). After solubilization and hydrophobic chrom­
atography the K^ -ATPase activity shows a broad pH optimum 
between pH 7 and 8 (Dan Karl, I SU Biochemistry Lab., 1977, 
unpublished data). Also, after solubilization the 
ATPase no longer is sensitive to stimulation by 2 nM hexyl-
guanidine. The assays with various nucleotides of K"*"-
ATPase activity of the enzyme purified through Sephadex 
G-lOO chromatography (Table 8) suggest that the K"'"-ATPase is 
very sensitive to pH and ionic strength. When the enzyme 
was assayed in 0.188 M Tris-glycine and stored in this buf­
fer, the K^ -ATPase half-life was estimated to be less than 
one week, "while in 0.25 M NaClO}^ , the half-life was several 
months at -20°C. These data suggest that the stability of 
the K^ -ATPase and the catalytic properties are dependent on 
the environment of the enzyme. 
The use of a specific inhibitor of the K'^ '-ATPase would 
certainly accelerate identification of the role this enzyme 
plays in the cell. Of the confounds tested, the most in­
teresting were the alkylguanidines and DCCD. The alkyl-
guanidines have been shown to inhibit K"*" uptake in barley 
roots (68). The stimulation of the K^ -ATPase of the micro­
somal fraction by hexylguanidine (Table 10 and Figure 16) is 
especially interesting when one compares the structure of 
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hexylguanidine with the structure of the hexyl-Sepharose 
ligand used for purification of the -ATPase. Both struc­
tures contain the positively charged group at the end of a 
six. carbon alkyl chain. The hexyl-Sepharose may have been 
purifying the enzyme by a combination of affinity (mono­
valent cation) chromatography and hydrophobic (six carbon 
alkyl arm) chromatography. The enzyme associated with the 
membranes could experience a locally high concentration of 
hexylguanidine because of the insertion of the hydrophobic 
tail of the alkylguanidine into the membrane to which the 
K^ -ATPase was bound. The solubilized enzyme would not ex­
perience a similar stimulation at 2 mM hexylguanidine be­
cause of the lack of the membrane. Another possible expla­
nation for stimulation of the K^ -ATPase by alkylguanidines 
in the microsomal preparation and not in the solubilized 
preparation is that the solubilization may have removed a 
subunit which conferred sensitivity to alkylguanidines. 
DCCD has been used by Leonard and Hotchkiss (20) as 
an inhibitor of the -ATPase from the plasma membranes of 
corn roots and the K^ -ATPase activity was almost completely 
inhibited by 0.2 mM DCCD. DCCD also inhibits a membrane 
bound ATPase and cation transport in Streptococcus faecalis 
(72). In assays with the solubilized enzyme, DCCD had no 
effect on -ATPase activity of the enzyme isolated from 
microsomes of corn roots (Table 11). DCCD also had no effect 
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on the soluhilized ATPase of Streptococcus facealis (72). 
The inhibitory action of DCCD on K"*" influx into oat and corn 
roots cannot be attributed to specific effects on plasma 
membrane K"^ -ATPase because DCCD also inhibits mitochondrial 
ATPase activity (20, 31). 
Gramicidin D was found to stimulate 4-8-fold the K"*" 
influx into cut plants over a 30 minute absorption period 
(73), and quercetin appears to be a general inhibitor of 
several ATPase activities, such as the (Na^  + K^ )-ATPase 
of the plasma membrane of calf heart (74), F^ , the ATPase 
of bovine heart mitochondria (74, 75"), CF^ , the chloroplast 
ATPase (76), the ATPase of Escherichia coli (77), and the 
p , 
Ca -ATPase of sarcoplasmic reticulumn (78). The assays 
with gramicidin D and quercetin, in concentration ranges 
which have been effective in modifying activities of up­
take or ATPase activity, showed no detectable effect on the 
-ATPase activity (Table 11). 
The energy-transducing ATPase s from mitochondria, 
chloroplasts, and the ATPase from the plasma membrane of 
bacteria each has an essential tyrosine residue vdiich is 
modified by 4-chloro-7-nitrobenzofurazan, Nbf-Cl, (79 and 
references therein). The reaction and subsequent inhibition 
of activity by Nbf-Cl occurs whether the enzyme is membrane 
bound or isolated from the membranes and the inactivation 
can be reversed by the addition of sulphydryl compounds, 
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such as dithiothreitol. The experiments with the K^ -ATPase 
from corn roots shows no effect of Nbf-Cl (Table 12). 
The inhibition by Ca^ "*" of the microsomal K^ -ATPase 
(20) and the lack of an effect on solubilized enzyme (Table 
13) suggest that the inhibitory action of Ca^ "*" on K"*" influx 
in corn roots (80) may not be through a direct effect on the 
enzyme. Leonard and Hotchkiss (20) have made similar spec­
ulations . 
The kinetics of K"*"-stimulation of the ATPase suggests 
the enzyme shows positive cooperativity (Figure 13)• Making 
the assuTcptions implicit in the Hill equation, a Hill plot 
of the data in Figure 13 were constructed (see Figure 17). 
Using K"*" concentrations from 74.6 nM to 21^  mM, a value of 
n equal to 3.1 was found by linear regression. According 
to the assumptions and theory of the Hill equation, n greater 
than 1 indicates positive cooperativity (8l). Because the 
K"*"-ATPase is a membrane bound enzyme, the kinetics of -
stimulation and the kinetics of the K"*"-ATPase as a function 
of Mg'ATP concentration (Figures 13 and l4) are probably not 
directly comparable in the two cases of a membrane bound 
enzyme and the solubilized enzyme. Reconstitution of the 
-ATPase with membrane lipids should be performed to compare 
the kinetic properties of the membrane bound and the solu­
bilized enzyme. The reconstituted enzyme would represent a 
better approximation to the native enzyme. 
Figure 17. Hill plot of log versus log (K"*" concentration) 
Using the equation, 
log = n log [S] - log K 
a value for n was determined from a straight line through 
jpoints representing K+ concentrations of 74.6 mM to 215" mM. 
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The Role of the K^ -ATPase 
Various models have been proposed for the K^ -ATPase and 
other ATPases thought to function in ion transport (16, 25, 
26, 82). What the K^ -ATPase does will be discovered later; 
what the K^ -ATPase may be doing will be discussed now. 
The K'*'-ATPase does not compare with the (Na^  + K^ )-
2+ ATPase, the Ca -ATPase, or the energy transducing ATPases 
from mitochondria, chloroplasts, or bacterial membranes when 
one looks at the size of the protein. The 27,000 molecular 
weight is much smaller than the 100,000 molecular weight of 
the (Na"*" + K^ )-ATPase, and the C^ -ATPase. The energy trans­
ducing ATPases do contain subunits of around 27,000 molecular 
weight (83), but the active enzymes are composed of several 
different sized subunits. So far the corn root enzyme does 
not appear to be similar to any particular type of transport 
ATPase identified up until now. 
Does the K^ -ATPase span the membrane? Probably not, 
because of the solubilization by NaCl. Also many integral 
membrane enzymes require lipids for activity (71). If the 
-ATPase is on the plasma membrane one could speculate that 
it would have the site for cleavage of ATP on the side of 
the membrane towards the source of ATP, the cytoplasm. If 
it is indeed a membrane protein which does not span the 
membrane, then the site on the enzyme for interaction with 
should also be near the cytoplasmic face. This would not 
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exclude the binding of the K^ -ATPase to another protein or 
proteins which span the membrane. 
With the K^ -ATPase bound to the cytoplasmic face of 
the membrane, does the K^ -ATPase respond to concentrations 
on the inside of the cell or on the outside? If it is re­
sponding to concentration on the outside of the cell it 
should respond to a concentration similar to that on the 
outside. However, the enzyme on the microsomes and the pur­
ified -ATPase are further stimulated by concentrations well 
above 1 mM KCl, the typical concentration in the soil water. 
Therefore, one could consider the stimulation by K^ , Na^ , 
and other cations as occurring because these ions are present 
on the inside of the cell where their total concentration is 
over 100 mM (16). 
If the -ATPase responds to cations inside the cell, 
what does it do with the energy released from ATP hydrolysis? 
A useful purpose for the energy would be to transport hydro­
gen ions out or anions in to osintain an electrical potential 
difference across the membrane. In this model the -ATPase 
would respond to an increase in positive charge or cations 
inside the cell and pump ions to maintain a cell potential 
which is diminished by the passive influx of cations. 
In this model, the K^ -ATPase can be considered to be 
the indirect driving force for K"*" accumulation. As the cell 
pumps out, the inside of the cell becomes more negative. 
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The negative interior then drives the influx of K"*". As the 
K"*" concentration builds up inside the cell it will reach 
equilibrium and K"^  will no longer move into the cell. 
This model calls for an ATPase similar to the ATPase 
in electron transport. In the chemiosmotic hypothesis a 
gradient is the means of coupling electron flow to phos­
phorylation. The electron transport generates a gradient, 
and the gradient drives an ATPase in reverse to make ATP 
from ADP and Pi. The model I propose would hydrolyze ATP 
to generate a gradient. The transport of protons would 
be important in the maintenance of cell pH (26). Indeed, 
is believed to be actively secreted by roots (84). 
Hodges has also proposed a model for ion absorption 
by roots (16), which is similar in many respects to the 
model proposed here. The crucial difference is that I be­
lieve the ATPase responds to internal cation concentration 
and pun^ s hydrogen ion out or hydroxide ion in. This gen­
erates a membrane potential which causes accumulation of K"^  
because of passive equilibrium. Hodges claims the -ATPase 
pumps K"*" in while pumping H"^  out in a manner similar to the 
(Na^  + K^ )-ATPase, with H^  replacing Na^ . 
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SUMMARY 
A K^ -ATPase from the plasma membrane-rich fractions of 
Zea mays roots has been purified by extraction with NaClO)^ , 
followed by chromatography on a column of n-hexylamine coupled 
to CNBr activated Sepharose. This partially purified enzyme 
was further purified by DEAE cellulose chromatography and 
gel filtration using Sephadex G-lOO Superfine. The protein 
migrated as a single band on SDS gel electrophoresis and 
had an estimated molecular weight of 30,^ 00. The -ATPase 
was purified nearly ^ OO-fold over the activity present in 
the microsomes. The K"*"-stimulated activity shows positive 
cooperativity with increasing KCl concentrations. The en­
zyme purified through Sephadex chromatography shows K"*"-stim­
ulated activity with a number of substrates, such as ATP, 
ADP, a+p-glycerophosphate p-nitrophenylphosphate, pyro­
phosphate, OTP, UTP, and GTP. Under most conditions ATP 
is the best substrate. The K^ -ADPase activity appears to 
reside on the same enzyme as the K^ -ATPase activity. Al­
though DCCD and Ca^  ^inhibit and alkylguanidines stimulated 
the K"*"-ATPase activity on the microsomes, they have no ef­
fect on the purified enzyme. 
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